We present a theoretical model of the interaction of ultra-short laser pulses with semiconductorbased multilayer structures. In particular the model focuses on laser processing of thin-film solar cells. The propagation of laser light within the thin-film system is described by a finite-difference model in order to determine the distribution of absorbed power. Since light propagation in semiconductors is strongly influenced by screening due to excited carriers we include the dynamics of charge carriers which may be driven either by direct absorption of the laser radiation or by multiphoton absorption and impact ionization of highly excited carriers. Depending on the excitation wavelength and pulse energy, absorption occurs in different depths of the structure which has a large effect on the efficiency of the laser ablation process. In a second step the energy density deposited by the laser beam is transferred to a thermo-mechanical model which describes the actual ablation process. Results from this model are compared with experimental findings.
Introduction
Photovoltaics are one of the most important technologies for the generation of renewable energy. Because of the large amount of installed and planned systems even small changes in efficiency of the solar cells themselves or in the effort needed for their production may have enormous economic and environmental impact.
Most of the current photovoltaic systems are based on single crystalline silicon. Though this is a mature technology which guarantees for high efficiency, silicon has an indirect band gap, which results in a relatively large absorption length for the incoming light [1] . Thus, relatively thick material of the order of 100 µm is required. Furthermore, a considerable amount of material is wasted in the process of wafer cutting. Additional effort is needed for the assembly of individual wafers into complete solar cell modules.
On the other hand, thin-film solar cells rely on direct semiconductors, like e.g. CuIn 1-x Ga x Se 2 (CIGS) with an absorption length of some micrometers. Such materials allow to reduce the thickness of the solar cell to well below 10 µm and the amount of active material needed to well below 10% compared to single crystal silicon.
Whole panels may be made on a single glass substrate thus avoiding the effort for the assembly of modules. In order to obtain a usable level of output voltage all cells on one substrate are interconnected in series. These connections are made by cutting trenches (P1 to P3 as shown in Fig. 1 ) into the different layers deposited on the substrate.
The area of these interconnects does not contribute to energy generation. Thus, a small width and narrow spacing of the trenches is crucial for a high efficiency of the panel.
Today the P1 scribe is generated by laser ablation while mechanical scribing is used for P2 and P3. The process of mechanical scribing is relatively complex due to the fast degradation of the scribing needles and the necessity for frequent re-adjustment. Mechanical scribing results in relatively wide trenches [2] and requires additional space between the trenches to allow for the crack formation occurring at the edges. Furthermore it is difficult to control the needle position precisely to follow the already existing trenches. Laser structuring allows to reduce the width of the trenches as well as their spacing, which results in an increase of the usable area per cell and, hence, in an increased efficiency. Furthermore, the amount of "wasted" material may be reduced.
In order to reach a high efficiency of the structuring process as well as to reduce thermally induced degradation of the material, we want to deposit as little energy as possible into the solar cell. In particular, it is favorable to use a so-called confined ablation [3] [4] [5] where only a small amount of material is molten or vaporized. The remaining material above will blow-off due to gas pressure and thermally induced stress.
An optimum ablation process requires careful tailoring the interaction of the laser beam with the layer system in order to deposit the energy at the optimum depth. DOI: 10.2961/jlmn.2015.03.0009
In the current paper we present a theoretical model which may be used to optimize the ablation process. This model consists of three major components:
1. the description of light propagation in the layer stack of the solar cell, 2. the description of the dynamics of excited carriers and their feedback on light propagation, and 3. a thermo-mechanical model, which describes the actual ablation.
Optical Model
Thin-film solar cells consist of a stack of different semiconductor materials typically deposited on a glass substrate. A metal layer forms the back contact of the cell. A cut view of a typical layer system is given in fig. 1 . Relevant material parameters are summarized in table 1. The typical thickness of the layer system is of the order of 3 µm. The respective time of light propagation amounts to 10 fs, which is by orders of magnitude faster than the duration of 1 to 10 ps of typical laser pulses used for ablation. Thus, light propagation in the layer system may be considered quasi-static. All dynamics of the interaction is due to the excitation of carriers. To get a first insight in the behavior of the optical system we used a matrix-formalism [13] to describe the linear plane-wave response of the stack. The model takes into account the measured dielectric properties of the individual materials [6] [7] [8] [9] [10] [11] [12] .
As a result we obtain the total linear absorption as well as the vertical distribution of deposited laser energy over the layer structure (see fig 2) .
Wavelength dependence
Depending on the excitation wavelength the dominant absorption occurs in different layers. The resulting differences in the distribution of the energy deposition have a large effect on the efficiency of the respective laser ablation process. Fig. 2 shows typical energy deposition patterns for the infrared (IR: 1550 nm), near infrared (NIR: 1064), visual (VIS: 532 nm), and the ultraviolet (UV: 366 nm) spectral ranges.
In the in IR range all layers of the thin-film solar cell except the back contact are at least partially transparent. Thus, a large percentage of the laser energy is absorbed at the interface to the underlying Molybdenum film. However, at longer wavelengths, free carriers in the TCO cause increasing absorption.
In the NIR range below 1100 nm absorption in the CIGS layer sets on. This defines a window in the range of 1100-1200 nm, where it seems possible to deposit most of the energy below the CIGS layer to lift-off the whole stack with relatively low energetic effort.
In the VIS and NIR range absorption takes place predominantly at the top of the CIGS layer. The absorption length increases with wavelength. Energy deposition in the top region of the CIGS as well as in the CdS buffer may lead to a lift-off of the TCO front contact.
In the UV range absorption takes place in the TCO right at the top of the stack. The stack would be ablated layer by layer from its top side down to the back contact.
Carrier Dynamics
The distribution of excited carriers inside the layers results in a corresponding inhomogeneous distribution of induced changes of the refractive index. Thus, we need a three dimensional model of the optical propagation in the layer stack.
If the diameter of the laser beam is large compared to the wavelength, polarization effects will play a minor role. In the following we will restrict ourselves to this case and use the Helmholtz wave equation. The wave equation is discretized according to a finite-difference scheme. Cylindrical symmetry is assumed.
The whole dynamics of the system is attributed to the evolution of the carrier density, which is driven either by direct absorption of the laser radiation or by multi-photon absorption and impact ionization of highly excited carriers [14] , depending on the wavelength of excitation. The order of the multiphoton processes is defined by the number k of photons needed to overcome the band gap of the respective material.
We describe the evolution of the carrier density by a rate equation:
The total carrier density n total is driven by the light intensity I(t). The individual terms on the right-hand side denote multi-photon absorption with the order k (including single photon absorption in the case of k=1) and a characteristic strength α, impact ionization with an efficiency η and an absorption cross section σ, and carrier recombination with the life time τ 1 . The photon energy is denoted E p .
Impact ionization depends on the number of "hot" carriers, the energy of which is larger than 2 E gap -E p [14] .
In the case of single photon absorption all excited carriers will contribute to impact ionization, i.e. n hot = n total . Thus, eq. (1) is already sufficient to describe the carrier dynamics in the single photon case.
In the case of multi-photon excitation the evolution of hot carriers is simulated by a second rate equation for the mean energy of the excited carriers.
where the excess energy is defined as E exc = E(t)-E gap . The relaxation of the excess energy is described by the parameter τ 2 . Actually the excess energy per carrier is equivalent to the carrier temperature in conventional twotemperature models [5] .
In order to get a closed model we need an additional relation between the density of hot carriers and the carrier energy. If we consider the stationary limit of Rethfeld's model [14] we find an exponential relation between the number of carriers in a certain level of excitation and the energy of the respective level. Summing up over the distribution we may derive an implicit form of the desired relation (see fig. 3 ): The above relation may be approximated well in explicit form by a power-law for each order k:
Where the respective exponents for different orders of the process are given in table 2: Impact ionization can be started by the initial density of free carriers, which is either the intrinsic one or the one due to doping. Alternatively, free carriers may be created via multi-photon absorption.
The efficiency of multi-photon impact ionization decreases strongly with the number of photons needed since the amount of "hot" carriers decreases (compare fig. 3 ).
Additionally the efficiency decreases with longer pulse duration, typically in the lower ns range, because the carrier energy will relax significantly during the pulse: Long pulses with photon energies below the band gap of CIGS may penetrate the layer stack without generating a large number of additional free carriers. However, in the case of picosecond pulses the initial carrier density in the CIGS will always be sufficient to start carrier excitation due to impact ionization.
Impact of the carrier dynamics on the optical model
During laser excitation charge carriers accumulate in the regions of light absorption. They cause a modification of the optical properties of the materials via plasma screening [15] : 
is driven by the total carrier density n total . The relevant material properties are the dielectric constant e (see tab. 1), carrier mobility µ, charge e and effective mass m eff [16] . The plasma susceptibility for CIGS at 1064 nm is plotted in fig. 4 as a function of the carrier density. The image shows the typical behavior: At lower carrier density the real part of the susceptibility decreases with density. Finally the real part of the dielectric constant turns negative. This resembles the behavior of metals, thus preventing light from penetrating into the respective region.
Additionally, absorption increases dramatically when the carrier density approaches some critical value, which is approximately 9x10 26 /m³ in the current example. 
Results of the optical simulation
We simulated the interaction of the laser beam with the complete layer stack of a CIGS-based thin film solar cell. This situation corresponds to a P3-structuring. We concentrate on two cases (compare fig. 2 ):
1. laser excitation with 0.1µJ at 1064 nm, where absorption in the Molybdenum layer dominates in the low power limit, and 2. excitation with 1 µJ at 515 nm, where the maximum absorption occurs at the top of the CIGS layer. The laser has a beam diameter of 28 µm and a pulse duration of 10 ps. The initial condition for the charge carrier density was deduced from the ellipsometrically measured dielectric constants of the materials (see Table 1 ).
In both cases excitation in the CIGS layer is above the band gap, i.e. we have linear absorption (k=1). For excitation at 515 nm we also have taken into account absorption and the related carrier dynamics in the CdS buffer layer. Linear absorption by free carriers is taken into account in the heavily doped TCO layer.
The simulations predict a significant change in the sample reflectivity as deposited energy increases. It increases at low energies, while saturation occurs at higher energy. Due to the frequency dependence of plasma shielding (see eq. 4) saturation starts at higher energies, as the wavelength decreases. The results are plotted in figs. 5-6. The effect of plasma shielding is particularly obvious in the case of the excitation at 1064 nm: The maximum of absorbed energy shifts from the top of the Mo layer in the case of low energy to the top of the CIGS layer. The respective energy distributions are given in fig. 7 . As a consequence confined ablation of the whole stack for the P3 scribe is difficult to achieve with this wavelength.
A similar shift occurs for an excitation at 515 nm, though the changes are much smaller. The absorbing region at the top of the CIGS layer shrinks from 90 nm to 50 nm. Additionally, the absorption in the CdS buffer layer increases (see fig. 8 ).
As a general rule, shielding will force the absorbing region to shift backwards, i.e. towards the laser source.
Thermo-mechanical model
In order to characterize the actual ablation behavior and the size of heat-affected zones we use a finite-element based thermo-mechanical model. For the finite-element simulation we used a commercial code. Details on the underlying models are given in [20] . Material properties were taken from the literature [1, 6, 11, 12] .
Simulation of the P1 scribe
To get a better understanding of the ablation process, we begin with simulations of the P1 scribe. Material parameters for Molybdenum are readily available from literature [12] .
Furthermore, we have the possibility to compare the simulations with experimental results on the ablation of Molybdenum layers [17, 18] . When the laser beam was applied through the glass substrate, the experiments showed confined ablation of complete Mo disks. At high laser fluences holes with traces of molten metal will develop in the centers of the disks.
These results have been compared to finite element simulations of a corresponding transient thermal model. The experimentally observed diameters of the disks correlate well with the diameter of molten glass in the simulation (see fig. 9 ), which indicates that the ablation diameter is determined by the delamination of the metal from the glass. The diameter of the holes corresponds to the diameter of molten Molybdenum at the top side of the metal. 
Simulation of the P3 scribe
In the next step we simulated the thermal behavior for the P3 scribe. The distribution of the absorbed power derived from the respective optical model was transferred to a transient thermal finite-element model.
Material parameters were taken from the literature [1, 6, 11] . In contrast to the simulation of the P1 scribe the availability of parameters for typical materials of thin-film solar cells is relatively poor. In particular, there are no parameters available at elevated temperatures. Thus we had to extrapolate the values from the situation at room temperature. That's why we expect the simulation of P3 ablation to give only qualitative agreement.
The laser parameters correspond to an excitation at 515 nm (compare to fig. 8 ) with an incident pulse energy of 1.1 µJ. The total absorbed energy amounts 0.61 µJ, where 0.43 µJ are deposited in the top 50 nm of CIGS, 0.12 µJ in the CdS buffer, and 0.06 µJ in the TCO layer.
The finite-element simulation yields a shallow temperature distribution (see fig. 10 ), which reaches its maximum temperature approximately 70 nm below the interface between CIGS and the CdS buffer layer. The respective ablation process removes the front (TCO-) electrode only and leaves the CIGS layer intact. Experimental results [19] show an ablation diameter of 20 µm for a pulse energy of 1.1 µJ, while the simulation yields a diameter of molten CIGS of 16 µm after 10 ns. The finite-element simulation yields a shallow temperature distribution (see fig. 10 ), which reaches its maximum temperature approximately 70 nm below the interface between CIGS and the CdS buffer layer.
Experimental results [19] show an ablation diameter of 20 µm for a pulse energy of 1.1 µJ. The respective ablation process removes the front (TCO-) electrode only and leaves the CIGS layer intact.
The simulation yields a diameter of molten CIGS of 16 µm after 10 ns. This is consistent with delamination in the uppermost part of the CIGS or at the interface between CIGS and the CdS buffer layer as the relevant mechanism of the ablation process.
The scaling of the simulated diameter of molten CIGS with the pulse energy is depicted in fig. 11 for different delay times after the laser pulse. The experimental result compares best with a delay of 5 ns, though the actual time when delamination occurred in the experiment is not known. 
Conclusions
We presented an optical and thermal model of the structuring of thin-film solar cells by laser ablation. The model takes into account effects of the carrier dynamics in the respective materials which typically leads to a vertical shift of the absorbing region, as well as to changes in the incoupling efficiency for the laser light.
Carrier-induced shielding makes it difficult to find an appropriate process window for P3 structuring to remove the whole stack in a confined ablation process. When using picosecond pulses it is preferable to remove the front electrode only.
Similar shielding effects will occur for P2 structuring with short pulses.
The simulations yield good agreement with current P1 ablation experiments [17, 18] , and reasonable agreement with the experiments on P3 structuring [19] .
